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Syntheses of copper-iodine cluster-based
frameworks for photocatalytic degradation of
methylene bluey

Juan Liu,? Yu-Huan Tang,?® Fei Wang @ *@ and Jian Zhang @ *?

Two new copper-iodine cluster-based frameworks, namely, {Cu4l4[Cu(5-eatz),]5}, (1; 5-eatzH = (15)-1-(5-
tetrazolyllethylamine) and {Cuyl4Cu(5-eatz),}, (2), are synthesized. For comparison purposes, the com-
pound {2[N(CHz)41"-Cusl1,[Cu'(5-eatz),].}, (3) reported by us is also included. These compounds have sim-
ilar porphyrin-like Cu(5-eatz), units but different Cu-l sub-structures, for example, the discrete Cuyl, unit
in 1, the 1D Cu-I graphene-like nanoribbon in 2 and the 3D Cu-I framework in 3, which can be obtained
under tunable synthesis conditions. These structure features lead to the deep color appearance of crystals
and strong adsorption in the visible light region. The diffuse reflectance spectra show that compounds 1
and 2 exhibit very low Eg values, which are equal to 1.18 eV for 1 and 1.12 eV for 2. Interestingly, all of them
exhibit excellent intrinsic photocatalytic activity to degrade methylene blue (MB) under visible light. 2 shows
better photocatalytic performance than 1 and 3, and can almost completely degrade MB in 300 minutes
(with a degradation amount of 90%) without any sacrificial agents. Meanwhile, their photocatalytic activities
are in the order 3 < 1 < 2, which is opposite that of their £ (3 > 1 > 2) values (E43 = 1.49 eV). Remarkably,
all of 1, 2 and 3 can completely photodegrade the MB solution in 30 minutes in the presence of H,O,. The
results demonstrate the potential application of copper-iodine cluster-based frameworks for the photo-
catalytic degradation of organic dyes.

Introduction

Efficient removal of organic pollutants from wastewater has
become a hot research topic due to its ecological and environ-
mental importance. Several physical and chemical methods
such as adsorption, membrane separation and photocatalysis
on semiconductor catalysts (such as TiO,) have been devel-
oped to remove organic pollutants."* However, physical
methods often suffer from high costs and low efficiency. For
the chemical methods, the catalysts are usually difficult to re-
cycle, easy to aggregate, less efficient in solar energy conver-
sion and may generate secondary pollutants. Thus, exploring
new highly efficient visible light-driven photocatalysts has
been one of the most attractive topics to address the above
problem.

Metal-organic frameworks (MOFs) or porous coordination
polymers (PCPs) have attracted great attention due to their
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feasibly tailored structures and potential applications in gas
adsorption/separation,” " catalysis,'>™> and so on. Recently,
MOFs have been reported as a new kind of photocatalyst for
the degradation of organic pollutants in water under UV/visi-
ble/UV-visible light."®° Theoretically, it is easy to construct
MOFs with a tunable structure to absorb light for the photo-
catalytic degradation of specific organic pollutants. Copper-
iodine cluster-based MOFs have been widely researched re-
cently because of their excellent photochemical and photo-
physical properties and potential applications in the areas of
sensors and luminescent materials.>' ! Most of them absorb
in the wavelength range of visible light to exhibit different
colors,>>?® which makes them excellent candidates for
photocatalytic applications. However, research on this field
has rarely been reported.

In our former work, the copper-iodine cluster-based MOF
{2[N(CH,)4]"-Cuyoly,[Cu'(5-eatz),],},  (5-eatzH = (1S)-1-(5-
tetrazolyl) ethylamine) has been proved to be a good photo-
catalytic catalyst to degrade organic pollutants.>® It not only
shows high efficiency in photocatalytic degradation but can
also be recycled after several cycles. This result demonstrates
that copper-iodine cluster-based MOFs may be potential
photocatalysts.

Also, we found that the chiral tetrazolate derivative
(5-eatzH) is easy to assemble with Cu ions into enantiopure

This journal is © The Royal Society of Chemistry 2018
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porphyrin-like Cu(5-eatz), units, which possess cis- and trans-
configurations (Scheme 1).>°*' A series of multifunctional
MOFs based on such Cu(5-eatz), units were synthesized,
which show excellent luminescence, enantioselective separa-
tion and dye degradation.”®

In this work, we continue to combine Cu(5-eatz), with cop-
per-iodine clusters, and two new copper-iodine cluster-based
MOFs, namely, {Cu,l,[Cu(5-eatz),],}, (1) and {Cu,I,Cu(5-
eatz),}, (2), are synthesized. For comparison purposes, the
compound {2[N(CH,),]"+ Cuy,1;,[Cu'(5-eatz),],}, (3) reported by
us is also included. Interestingly, these compounds have
similar Cu(5-eatz), units but different Cu-I sub-structures.
More importantly, they show intrinsic and remarkable photo-
catalytic activity to degrade methylene blue under visible light
without any sacrificial agents. The results further prove that
copper-iodine cluster-based MOFs are excellent candidates for
the photocatalytic degradation of organic pollutants.

Experimental section
Materials and methods

Powder X-ray diffraction (PXRD) analyses were conducted using
a MiniFlex II diffractometer with Cu Ka radiation (4 = 1.54056
A), with a step size of 0.05°. Elemental analyses of C, H, and N
were performed using a Vario MICRO EIII elemental analyzer.
The IR spectra (KBr pellets) were recorded on a Magna 750
FTIR spectrophotometer. Thermogravimetric analyses (TGAs)
were conducted on a NETZSCH STA-449C thermoanalyzer at a
heating rate of 10 °C min™' under a N, atmosphere. Solid
state fluorescence properties were studied at room tempera-
ture with a HORIBA Jobin-Yvon FluoroMax-4 spectrometer.

Preparation of {Cu,ly[Cu(5-eatz),],}, (1)

5-eatzH (0.15 mmol, 0.0175 g) is dissolved in 1 ml MeOH,
and then Cul (0.15 mmol, 0.0281 g) in KI (1.352 g) aqueous
solution (1.5 ml) was added to the former solution. The mix-
ture was then stirred for 10 minutes and transferred into an
oven at 120 °C for 12 hours; orange rod-like crystals were
obtained and washed with KI aqueous solution, H,O and
EtOH. Anal. calc. for Cy,H;gNyoCugl, (M, = 1329.35): C, 10.84;
H, 1.21; N, 21.07%. Found: C, 11.02; H, 1.13; N, 21.35%. IR
(KBr, cm™): 3435 (s), 3245 (s), 3210 (s), 3109 (s), 2969 (m),
2911 (m), 2861 (s), 2224 (s), 1615 (m), 1568 (s), 1498 (m),
1444 (w), 1417 (s), 1382 (w), 1354 (w), 1308 (w), 1207 (s), 1153
(s), 1114 (s), 1087 (s), 1044 (m), 1006 (m), 893 (m), 769 (s),
683 (m), 621 (m), 544 (m), 497 (w), 454 (m).

H; 1, (b) N=N H

N Na s« 1\'1, \N Naw«

\Cu/ A \c“/
N? N/ \N SN e V/ \N S
\ / \ H \ /
N=N . N=N 2 N=N

cis Trans

Scheme 1 The cis- (a) and trans- configurations (b) of the Cu(5-eatz), unit.
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Preparation of {Cu,I,Cu(5-eatz),}, (2)

5-eatzH (0.15 mmol, 0.0175 g) and Cul (0.15 mmol, 0.0281 g)
were added to H,O and CH;CN. The mixture was then stirred
for 10 minutes and transferred into the oven at 120 °C for 12
hours; orange block crystals were obtained and washed with
EtOH. Anal. calc. for C¢HsN;Cusl, (M, = 1042.55): C, 6.91; H,
0.48; N, 13.44%. Found: C, 6.74; H, 0.52; N, 13.24%. IR (KBr,
em™Y): 3435 (s), 3245 (s), 3210 (s), 3109 (s), 2969 (m), 2911
(m), 2861 (s), 2224 (s), 1615 (m), 1568 (s), 1498 (m), 1444 (W),
1417 (s), 1382 (w), 1354 (w), 1308 (w), 1207 (s), 1153 (s), 1114
(s), 1087 (s), 1044 (m), 1006 (m), 893 (m), 769 (s), 683 (m),
621 (m), 544 (m), 497 (w), 454 (m).

Crystallography

The diffraction data for 1 and 2 were collected using an Ox-
ford Xcalibur diffractometer equipped with graphite-
monochromatized MoKa radiation (2 = 0.71073 A) at 293(2)
K. The structures were determined by direct methods and re-
fined on F* full-matrix least-squares using the SHELXTL-2014
program package.

Photodegradation experiments

At room temperature, 0.0125 g crystals of 1, 2 and 3 were
added into 15 mL of 55 mgL ' methylene blue aqueous solu-
tion. Then 30% H,0, solution (40 pL) was injected into the
above solution. Afterwards, the suspensions were stirred and
exposed to a 300 W daylight lamp. To monitor the extent of
reaction, reaction samples were prepared every 5 minutes un-
til the solution becomes colourless. Generally, a 0.5 ml reac-
tion solution was transferred and diluted to 3 mL. Then the
diluted reaction solutions were filtered and their absorbances
were measured using a UV-vis spectrophotometer (Lambda
35). To prove the stability of the catalyst, a four-cycle test was
performed. After each cycle, the photocatalysts were sepa-
rated, washed with ethanol, and dried at room temperature.

The photodegradation reactions of the MB aqueous solu-
tion catalysed by 1, 2 and 3 without H,0, were the same as
above. Meanwhile, the photodegradation reaction of the MB
aqueous solution catalysed by H,0, was the same as above,
except that 1 (2 or 3) was not added. To monitor the extent of
reaction, reaction samples were prepared every 60 minutes.
For a comparison of adsorption with photodegradation by 1
and 2, MB adsorption in the dark was carried out using the
same procedure as the photocatalytic experiments of 1 and 2
without H,0, in the absence of light.

Results and discussion
Description of crystal structures

Crystal structure of {Cu,I,[Cu(5-eatz),],}, (1). Compound 1
crystallizes in the monoclinic space group P2,, and its asym-
metric unit includes four Cu' ions, four I anions, two Cu"
ions and four 5-eatz ligands (Fig. 1a). Each Cu" ion is che-
lated by two 5-eatz ligands to form the ¢rans-Cu(5-eatz), unit.
All the Cu' ions adopt the tetrahedral mode, and are

CrystEngComm, 2018, 20, 1232-1236 | 1233
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coordinated by I" and N atoms from the 5-eatz ligands.*>*
Each 5-eatz ligand coordinates to two Cu' ions and chelates
with one Cu" ion via its four N atoms. All the Cu' ions are
linked by two ps-I" anions to form a Cuyl, unit, and another
two I anions are pendent on both sides of the Cu,l, unit to
form the discrete Cu,l, unit (Fig. 1a). Then each Cu,l, unit is
linked by four Cu(5-eatz), units, and each Cu(5-eatz), links
two Cuyl, units to generate a 2D layer (Fig. 1b). Such layers
are parallel to each other and stack in the A-B-C mode. No
obvious interactions are observed between the 2D layers. The
mixed valence of the Cu ions is proven by the XPS pattern

(Fig. S21).

Crystal structure of {(Cujl,)Cu"(5-eatz),}, (2)

Compound 2 also crystallizes in the monoclinic space group
P2,. The asymmetric unit of 2 contains four cu' ions, four I
anions, one Cu" ion and two 5-eatz ligands (Fig. 2a and S21).
Similar to 1, the Cu" ion is chelated by two 5-eatz ligands to
form the trans-Cu(5-eatz), unit. And all the Cu' ions adopt the
tetrahedral mode, and are also coordinated by I" and N
atoms from the 5-eatz ligands. However, unlike 1, each 5-eatz
ligand in 2 coordinates to three Cu' ions and chelates with
one Cu" ion via all of its N atoms.

The prominent structural feature of 2 is the presence of a
1D graphene-like (Cul), nanoribbon (Fig. 2b). The Cu' ions
and I anions alternately link each other to form a 1D
distorted zigzag chain along the g-axis. Then two adjacent
zigzag (Cul), chains link each other to generate such a 1D
graphene-like (Cul), nanoribbon via Cu-I bonds. This 1D
graphene-like (Cul), nanoribbon can also be considered as
the repeat of Cu,l, units (Fig. 2b). It should be noted that al-
though the 1D ladder-like and 2D graphene-like SBUs based
on Cu-halogen have been reported before,’” to the best of
our knowledge, such a 1D graphene-like (Cul),, nanoribbon is
observed for the first time. Finally, such (Cul),, nanoribbons
are linked by Cu(5-eatz), SBUs through Cu-N bonds into a 3D
neutral framework (Fig. 2c).

The controllable synthesis of copper-iodine cluster-based
metal-organic frameworks (MOFs) is of much interest. From
the above structure analyses, we can find that all the com-
pounds 1, 2 and 3 have Cu(5-eatz), units and Cu,l,-based
units. The control of different synthetic conditions results in
different Cu-I sub-structures (Fig. 3). As reported before,
using 5-eatzH and Cul as the reactants in the presence of KI

Fig. 1 (a) The coordination environment of compound 1; (b) the 2D
layer of 1.
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Fig. 2 (a) The coordination environment of 2, (b) the 1D (Cul),
nanoribbon in 2, and (c) the 3D framework of 2.

and N(CH,),", the anionic compound 3 was obtained in
which two kinds of Cu,l, units linked each other to form a
pure inorganic 3D framework. Meanwhile, the neutral 2D
layer of 1 was synthesized under similar conditions without
N(CH;)," and discrete Cu,l, units were observed. In the ab-
sence of KI and N(CH;),", compound 2 was obtained and the
Cu,l, repeated units linked themselves to form the 1D nano-
ribbon. These structure features can further affect their
photocatalytic activities, which are described in the following
details.

Photocatalytic activities

Considering that compounds 1 and 2 are copper-iodine clus-
ter compounds with a deep color, their diffuse reflectance
spectra were studied (Fig. 4 and S5f). The spectra of these
compounds show a broad range of absorption in the visible
region from 400 nm to 900 nm with an absorption peak cen-
tered at around 520 nm. The spectra match well with their
colors. According to the equation ahv® = K(hv - E,)"* (where
o is the absorption coefficient, hv is the discrete photo en-
ergy, K is a constant, and E, is the band gap energy), the ex-
trapolated values (the straight lines to the x axis) of Av at a =

Fig. 3 The controllable synthesis of compounds 1-3: different
synthetic conditions result in the discrete Cuyls unit in 1, the 1D Cu-I
graphene-like nanoribbon in 2 and the 3D Cu-I framework in 3. These
different Cu-I sub-structures further link the porphyrin-like Cu(5-eatz),
units into different structures.

This journal is © The Royal Society of Chemistry 2018
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Fig. 4 (a) The solid state UV-vis reflectance spectra of compounds 1, 2
and 3, which show a broad range of absorption in the visible region from
400 nm to 900 nm; (b) the MB photodegradation of 1, 2, 3 and H,0,.

0 give absorption edge energies (E,) of 1.18 eV for 1 and 1.12
eV for 2 (Fig. S57), which are lower than those of 3 (1.49 eV)
and most MOF-based photocatalysts.**

To evaluate the photocatalytic activities of 1 and 2, ethyl-
ene blue (MB) photodegradation under visible light illumina-
tion was performed. As shown in Fig. 4b, without any sacrifi-
cial agents, the concentration of methylene blue is reduced
by 17% (for 1) and 24% (for 2) from 0 to 40 min, which is
better than that for 3 (5%) under the same conditions
(Fig. 4b and S67). For easy comparison, the reaction kinetics
of the MB degradation catalyzed by various photocatalysts
(compounds 1, 2 and 3) were studied (Fig. S7). The experi-
mental data were fitted by a linear fitting model. The slopes,
in proportion to the reaction rate constant, of the com-
pounds are equal to —0.4453, —0.5448 and -0.1042, indicating
that the reaction rate constants of these compounds are in
the order 3 < 1 < 2. Interestingly, both the degradation
amount and reaction rate constant indicate that the photo-
catalytic activities of the compounds are in the order 3 <1 <
2, which is opposite that of their E, (3 > 1 > 2) values. More
importantly, compound 1 can almost completely photo-
degrade the MB solution in 300 minutes, with a photo-
degradation amount of 90% (Fig. S8 and S91). Meanwhile,
compound 2 shows a MB photodegradation amount of 50%
at 300 minutes. At 360 minutes, the decrease in the concen-
tration of the MB solution due to photodegradation by 1 and
2 is almost the same as that at 300 minutes. These results
suggest that compounds 1 and 2 have higher intrinsic cata-
lytic properties for methylene blue degradation than most
reported MOFs (Table $2+).%>7%

Furthermore, in the controlled photodegradation reactions
catalysed by 1 and 2 in the presence of a small amount of
additive, H,0,, the MB solution can be completely degraded
in 30 minutes (Fig. S107), which is similar to 3, but much
higher than most of the reported MOFs (Table S2f).°*7%*
These results also illustrate that compounds 1, 2 and 3 are
excellent photocatalysts under visible light.

Accordingly, the reaction mechanism for MB photo-
degradation was discussed based on semiconductor theory.
As shown in Fig. 5, path I accounts for the mechanism of MB
photodegradation by compounds 1 and 2. Path II shows the
mechanism of MB photodegradation by compounds 1 and 2
in the presence of H,0, additive. Firstly, the electrons (e) will
be excited from the valence band (VB) to the conduction

This journal is © The Royal Society of Chemistry 2018
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MB +:0,"
Products +——

«0,”+MB
— Products

0, H,0,

1
Methylene
MB Blue (MB)
Products Products
Compound1,2,and 3
Fig. 5 (I) Possible mechanism of MB photodegradation over
compounds 1, 2 and 3 under visible light irradiation. (ll) Possible

mechanism of MB photodegradation over 1, 2 and 3 in the presence of
H>0, under visible light irradiation.

band (CB) when compounds 1 and 2 are illuminated by pho-
tons with energy equal to or greater than their band gaps,
leaving holes (h") in the valence band (Fig. 5). The photoex-
cited holes (h") have a strong oxidant ability and can directly
oxidize adsorbed organic molecules both in path I and path II.

Meanwhile, in path I, electrons can be trapped by molecu-
lar oxygen to form superoxide radicals, ‘O, , which also pos-
sess a strong oxidant ability to decolorize the MB molecules,
as shown in Fig. 5. In path II, the 'O, radicals directly photo-
excited from H,0, also possess a strong oxidation ability and
can react readily with surface adsorbed MB.

Conclusions

In summary, two copper-iodine cluster-based MOFs based on
porphyrin-like Cu(5-eatz), units are controllably synthesized
and fully studied here. These compounds show a deep color
and a broad range of absorption in UV-vis light, which en-
ables them to possess a superior ability in MB photo-
degradation. The possible MB degradation mechanism was
systematically discussed, which can be explained by semicon-
ductor theory. The results indicate that copper-iodine
cluster-based MOFs are good candidates for the photocata-
Iytic degradation of organic pollutants.
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